Objective: To evaluate the efficacy and safety of subcutaneously administered fasinumab (REGN475), a nerve growth factor-neutralizing antibody, in patients with acute sciatic pain receiving standard of care therapy. Methods: This was a double-blind, parallel-group, proof-of-concept study. Patients with unilateral, moderate-to-severe sciatic pain of 2-16 weeks' duration were randomized to a subcutaneous dose of placebo (n=51), fasinumab 0.1 mg/kg (n=53), or 0.3 mg/kg (n=53); follow-up was 12 weeks. Pain was assessed in a daily diary using a numerical rating scale (NRS) (0= no pain, 10= worst pain) for average and worst leg and back pain. The primary efficacy end point was the area under the curve of NRS scores for average leg pain from baseline to week 4. Key secondary end points included changes in average and worst leg and back pain from baseline to the end of week 4 and to each weekly study visit. Patient functioning (Oswestry Disability Index) and concomitant analgesic use were also assessed. Safety and tolerability were evaluated by treatment-emergent adverse events (TEAEs). Results: Demographic and clinical characteristics were similar among the treatment groups; 141 (88.7%) patients completed the study. For the primary end point, mean ± standard deviation area under the curve values from baseline to week 4 were not significantly different between placebo (96.8±6.0) and fasinumab 0.1 mg/kg (112.7±58.3; P=0.0610) or fasinumab 0.3 mg/kg (112.4±55.8; P=0.0923). All secondary efficacy end points of changes in pain and function demonstrated responses that were similar between placebo and fasinumab groups. Incidence of TEAEs was 45.1%, 50.9%, and 64.8% in the placebo, fasinumab 0.1mg/kg, and fasinumab 0.3 mg/kg groups, respectively. The most commonly reported TEAEs included paresthesia, arthralgia, pain in extremity, and headache. Conclusion: Administration of fasinumab provided no significant clinical benefit compared with placebo for the pain or functional limitations associated with acute sciatica. Fasinumab was generally well tolerated and incidence of TEAEs appeared to be dose related.
Introduction
Sciatica, also known as lumbar radiculopathy, is a set of symptoms usually caused by nerve root compression and irritation or inflammation of the sciatic nerve or one or more of its five nerve roots.
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Tiseo et al Sciatica is most often characterized by acute pain, usually confined to one side of the body, which may be present in the lower back, buttocks, and various parts of the leg, including the foot. 4 In addition to pain, symptoms may include numbness, muscular weakness, and difficulty moving and controlling the leg. 4 Sciatica alone or combined with concurrent low back pain may be treated with nonsteroidal antiinflammatory drugs (NSAIDs), 5 systemic corticosteroids, 6, 7 and other pharmacologic and nonpharmacologic supportive therapies, with variable efficacy. 8 The currently available drugs for sciatic pain provide only modest, short-term benefits at best and are often associated with safety concerns. 6, 7, 9, 10 Consequently, a need exists for therapies with improved efficacy and safety.
To meet this need, biologic agents that target tumor necrosis factor-α (TNF-α), a cytokine integral to the inflammatory response in musculoskeletal conditions, were evaluated in sciatica, but with mixed results. Early open-label studies of intravenous infliximab (an anti-TNF monoclonal antibody) and subcutaneous etanercept (a soluble form of the TNF receptor) suggested benefits, 11, 12 but subsequent randomized trials of these drugs failed to demonstrate maintenance of long-term efficacy, [13] [14] [15] albeit these trials had low numbers of patients. Although one trial of the anti-TNF-α monoclonal antibody adalimumab suggested improvement among 31 patients with radicular leg pain due to lumbar disc herniation, the effect size was small. 16 Neurotrophins are a family of polypeptide growth factors that help regulate pathways of development, differentiation, survival, and death of neuronal and non-neuronal cells. 17 The first neurotrophin to be identified was nerve growth factor (NGF), and its role in the development and survival of peripheral and central neurons in the developing nervous system has been characterized in vivo. 18, 19 However, in the normal adult, NGF is not required as a survival factor but acts as a pain mediator that sensitizes neurons. [20] [21] [22] NGF activity is mediated through two different membrane-bound receptors, the high-affinity tropomyosin receptor kinase A (TrkA) receptor and the low-affinity p75 common neurotrophin receptor. 23, 24 The NGF/TrkA system appears to play a major role in the control of inflammation and pain, and blockade of this pathway normalizes pain sensitivity. 21, 25 Following tissue injury or inflammation, NGF appears to modulate pain in chronic musculoskeletal pain disorders where inflammation is involved. 26 A study by Purmessur et al 27 on expression of the neurotrophins NGF and brainderived neurotrophic factor in the human intervertebral disc suggested that these factors may contribute to the type of pain typically seen in sciatica. Because NGF may be associated with nerve compression and sciatic pain, it was hypothesized that anti-NGF activity could reduce the pain and associated disability.
Fasinumab (REGN475) is a recombinant, fully human, anti-NGF monoclonal antibody (immunoglobulin G4) that binds to NGF and blocks its signaling through TrkA and p75 receptors (Regeneron Pharmaceuticals, Inc., data on file). This placebo-controlled proof-of-concept study was undertaken to evaluate the efficacy of fasinumab as an adjunct to standard of care in patients with moderate-to-severe acute sciatic pain.
Methods study design and patients
This was a randomized, double-blind, parallel-group, singledose study to evaluate the efficacy and safety of two dose levels of fasinumab compared with placebo in patients with acute sciatic pain. The study received approval from the appropriate institutional review boards and was performed in accordance with the revised Declaration of Helsinki; all patients provided written informed consent prior to participation.
Screening occurred from day -14 to day -3, and on day 1 eligible patients were randomized 1:1:1 to receive a single subcutaneous dose of fasinumab 0.1 mg/kg or fasinumab 0.3 mg/kg or placebo. Randomization was stratified by the duration of pain at the time of the screening visit (2-8 weeks and .8-16 weeks). Study drug was administered on day 1, and patients returned to the clinic for study visits at the end of weeks 1, 2, 3, 4, 6, 8, 10, and 12.
The use of NSAIDs (aspirin, naproxen, and ibuprofen), commonly used opioid/opioid combination analgesics (eg, morphine immediate release, hydrocodone with acetaminophen, and tramadol), or other drugs for pain, such as the anticonvulsant gabapentin, was permitted as standard of care. Any nonpharmacologic modality (eg, physical therapy or chiropractic procedures) administered from the time the informed consent was signed to the final study visit was considered concomitant therapy.
Eligible patients were adult men and women aged 18-65 years and weighing ,120 kg who were experiencing unilateral, moderate-to-severe sciatic pain, defined as a score $4 on an eleven-point pain numerical rating scale (NRS) (0= no pain; 10= worst possible pain) at both the screening and baseline visits while receiving standard of care treatment administered by their treating physician. 
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Patients were required to have a confirmed diagnosis of sciatica or lumbosacral radiculopathy at the screening visit based upon leg pain radiating to or below the knee in a dermatomal pattern consistent with L4, L5, or S1, and a positive straight leg raising test (,60°). They were also required to have had a radiographic examination (plain film or computed tomography) to exclude other conditions. In order to evaluate the treatment of patients with acute sciatica, the onset of pain had to have been within 2-16 weeks prior to the screening visit. For patients with recurrent sciatic pain, the prior episode must have resolved $3 months prior to the onset of the current episode.
Patients were excluded for back surgery within 6 months of the screening visit, radiating leg pain resulting from piriformis syndrome, neurological deficits from any cause other than sciatica, and other current neurological conditions that could confound the study results. Any other medical condition that could have interfered with the conduct of the study was also reason for exclusion.
Outcomes
Patients rated their average and worst leg and back pain using the NRS at the screening and the baseline clinic visits daily for 6 weeks following baseline (collected using an interactive voice response system) and at each study visit thereafter. Patients also completed the Oswestry Disability Index (ODI) questionnaire 28 at each clinic visit and the Patient Global Impression of Change (PGIC) at each postbaseline clinic visit. The ODI is a condition-specific functional outcome measure that assesses the impact of low back pain on functional abilities and activities. The PGIC is a global assessment scale that rates the patients' perception of their response to treatment using a seven-point Likert scale (1= very much improved to 7= very much worse). 29 The primary efficacy end point was the area under the curve (AUC) of pain versus time for average leg pain from baseline to the end of week 4 as measured using the daily NRS. Key secondary end points included the AUC for average leg pain from baseline to the end of week 6, as well as changes in NRS average leg pain, NRS worst leg pain, and ODI from baseline to the end of week 4 and to each study visit. The proportion of patients with 30% and 50% reductions in leg pain from baseline to the end of week 4 was also evaluated; 30% and 50% pain reductions, which represent changes of moderate and substantial clinical importance, respectively, 30 are recommended by the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials (IMMPACT) as outcomes in pain clinical trials. 31 Safety and tolerability were evaluated based on incidence of treatment-related adverse events (TEAEs). In addition, vital signs were recorded and a neurological examination was performed at each clinic visit. A physical examination and electrocardiogram (ECG) was performed at the screening and week 12 visits, and laboratory samples for hematology, chemistry, and urinalysis were collected at specified times throughout the study.
statistical analysis
It was estimated that enrolment of 50 patients per treatment group would provide approximately 96% power to detect a clinically relevant change of 1.4 in the NRS score from baseline between fasinumab and the placebo treatment group, assuming the common standard deviation (SD) was 1.75 points with a two-sided test at the 0.05 significance level. 32 The efficacy population included all randomized patients who received at least one dose of study medication and had both baseline assessment and at least one postbaseline assessment. The safety population included all randomized patients who received study medication.
Demographic and baseline characteristics were summarized using descriptive statistics with means and SDs for continuous variables, and frequencies and percentages for categorical variables. An analysis of covariance (ANCOVA) model was used to evaluate the primary efficacy end point, AUC for average leg pain between baseline and week 4 (postbaseline day 28), as well as the secondary end point of AUC from baseline to week 6. The ANCOVA model included treatment and stratum of duration of pain as fixed factors, and baseline NRS as covariate. Fisher's exact test was used to compare the responder rates (proportion of patients with 30% and 50% pain reductions). Other efficacy end points were evaluated using a mixed-effect model repeated measure approach. The model included factors (fixed effects) for treatment, stratum of pain duration, treatment-by-visit interaction, and baseline value as a covariate. Missing NRS values were imputed with the postbaseline value during the on-treatment period by the last observation carried forward procedure. Least squares means by treatment group were estimated with their 95% confidence intervals (95% CI). Student's t-tests were used for comparisons of each dose with placebo.
Results
Patients
Of 268 patients screened, 159 were randomized, 158 received treatment, and 141 (88.7%) completed the study (Figure 1 ). The most common reasons for study withdrawal were patient request (4.4%) and lost to follow-up (3.8%), and only one patient withdrew due to adverse events. Demographic and clinical characteristics were similar among the three treatment groups (Table 1) ; treatment groups were balanced in respect of sex (47.1% male), were primarily white (73.9%), and had a tendency toward obesity (mean ± SD body mass index 29.7±5.2 kg/m 2 ). The majority of patients (62.7%-71.7%) had experienced their sciatic pain for 2-8 weeks, and the mean baseline NRS scores for average leg pain ranged between 6.0 and 6.2 across the treatment groups (Table 1) .
Efficacy
At week 4 there was no significant difference between the fasinumab and placebo groups for the primary efficacy end point ( Table 2 ). The least squares mean difference between placebo and fasinumab was 19.9 (95% CI -0.9, 40.7; P=0.0610) for the 0.1 mg/kg dose and 17.8 (95% CI -3.0, 38.6; P=0.0923) for the 0.3 mg/kg dose. Results were similar when stratified by pain duration (Table 2) . Secondary pain end points at week 4 paralleled the primary end point, with values that showed similar reductions from baseline for placebo and fasinumab ( Table 2) .
The AUC of average daily leg pain through week 6 demonstrated a similar response to that observed at week 4, although the absolute values at week 6 were higher: 138.9±85. 162.2±92.6, and 153.6±83.0 for placebo, fasinumab 0.1 mg/kg, and fasinumab 0.3 mg/kg, respectively. A reduction from baseline in average daily leg pain NRS score was observed in all treatment groups at 1 week after initiating therapy, and these scores continued to decline gradually throughout the assessment period in all treatment groups (Figure 2) . Although the ODI also showed a gradual decrease over time, indicating improvement in function, changes from baseline were similar in all treatment groups (data not shown). Similar patterns were observed over the study duration for average back pain, as well as worst leg and back pain (data not shown). At week 4, the proportions of patients who had experienced 30% and 50% reductions in average and worst leg pain were numerically highest in the placebo group. In contrast, for average and worst back pain, the fasinumab 0.3 mg/kg group had the numerically highest proportions of patients achieving 30% and 50% pain reductions ( Table 3) .
The mean PGIC scores at week 1 were 2.8±1.2 in the fasinumab 0.3 mg/kg group and 2.8±1.1 in both the fasinumab 0.1 mg/kg and placebo groups, indicating that patients considered their overall status to range between "minimally improved" to "much improved". This level of improvement was sustained throughout the 12-week assessment period, with final scores of 2.9±1.6, 3.3±1.5, and 2.9±1.5 for placebo, fasinumab 0.1 mg/kg, and fasinumab 0.3 mg/kg, respectively.
The two most common classes of medication that were used concomitantly by the patients in this study were 1) antiinflammatory and antirheumatic products, with propionic acid derivatives such as naproxen and ibuprofen the most frequent agents, and 2) analgesics, with opioid and opioid combination therapies the most commonly used agents in this class. Both classes of medication were used with a similar frequency among the treatment groups and ranged from 51.0% (placebo) to 60.4% (fasinumab 0.1 mg/kg) for the former, and from 46.3% (fasinumab 0.3 mg/kg) to 50.9% (fasinumab 0.1 mg/kg) in the latter. Mean duration of concomitant analgesic use was 68.6 days in the 0.3 mg/kg treatment group, 80.6 days in the 0.1 mg/kg treatment group, and 76.2 days with placebo. The median duration of analgesic use was 85 days in all groups. Note: *safety analysis set.
safety and tolerability
The incidence of TEAEs was 45.1% in the placebo group, 50.9% in the 0.1 mg/kg group, and 64.8% in the 0.3 mg/kg group (Table 4) . Most TEAEs were transient in nature and of mild-to-moderate severity; only six patients reported severe TEAEs, two in the placebo group and four with fasinumab 0.3 mg/kg. Serious AEs were reported by one patient in the placebo group (paranoia), two patients in the fasinumab 0.1 mg/kg group (hepatitis B and intervertebral disc protrusion), and two patients in the fasinumab 0.3 mg/kg group (major depression and intervertebral disc protrusion), but none was considered related to treatment. There was only one discontinuation due to a TEAE: moderate back pain in a patient in the fasinumab 0.1 mg/kg group. The most common AEs were paresthesia, arthralgia, pain in an extremity, and headache (Table 4) , and their incidence was highest with fasinumab 0.3 mg/kg. Adverse events related to abnormal peripheral or musculoskeletal sensation (hypoesthesia, paresthesia, myalgia, and arthralgia) were also reported as common TEAEs, and most appeared to be dose related (Table 4) . No clinically significant changes in laboratory assessments, vital signs, ECG, and physical examinations were observed.
Discussion
The results of this study demonstrated that treatment with fasinumab for sciatic pain, at doses that were effective for reducing pain in osteoarthritis of the knee, 33 provided no significant improvement in measures of leg and back pain or daily function compared with placebo. Fasinumab was generally well tolerated, although a possible dose-related increase in the incidence of TEAEs was observed. In particular, abnormal peripheral and musculoskeletal sensations were reported following administration of fasinumab. A similar pattern of neurosensory and neuromuscular adverse events has been reported with fasinumab, 33 as well as with other anti-NGF antibodies. [34] [35] [36] The mechanisms underlying these 
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Fasinumab for acute sciatic pain transient events are not yet understood, but they may represent a class effect. The results from this trial are somewhat disappointing in light of the suggestion that anti-NGF therapy may be appropriate for sciatica based on expression of neurotrophins in relevant anatomical regions of the human intervertebral disc. 27 However, these results are consistent with a metaanalysis of the few studies of anti-NGF therapy for chronic low back pain, which reported only low evidence for anti-NGF therapy for this condition. 37 It should also be noted that the studies of anti-TNF-α biologic agents have, for the most part, failed to demonstrate efficacy for pain relief in sciatica. [13] [14] [15] In contrast to sciatica and chronic low back pain, efficacy for the reduction of pain in osteoarthritis has been demonstrated with the anti-NGF agents fasinumab, 33 tanezumab, 34, 38, 39 and fulranumab. 36 Several reasons can be proposed for the lack of efficacy with fasinumab and most other biologic drugs in sciatic pain. This condition may represent mixed pain states consisting of pathways different from those involved in other painful musculoskeletal conditions. Nevertheless, there was no prior reason to suggest that fasinumab would not work on either nociceptive or neuropathic pain, as anti-NGF agents have demonstrated efficacy for osteoarthritis, 33, 34, 38, 39 primarily a nociceptive pain condition, and limited efficacy for at least some neuropathic pain conditions: eg, painful diabetic peripheral neuropathy. 40, 41 Additionally, it is possible that these drugs do not effectively reach the site of action mediating the sciatic pain. As another explanation that may have accounted for the lack of an effect in the earlier studies was the timing of the assessments, efficacy in the current study was assessed at week 4 using both time-integrated (AUC) and landmark analyses. This time point was chosen both because of the self-limiting nature of many cases of sciatica and because it was hypothesized that evaluation at an early time point might enhance the ability to demonstrate treatment benefit. A previous clinical trial of infliximab that showed no difference between active and placebo treatment used a 12-week primary end point. 13 However, the results of the current study do not support the earlier assessment hypothesis.
The diagnostic criteria for this study relied on the clinical signs and symptoms associated with the syndrome of sciatic pain that are commonly used by general practitioners to diagnose this condition. The diagnosis did not require confirmation of disc herniation based upon imaging (magnetic resonance or computerized tomography), as radiological confirmation is rarely conducted in the general practice setting unless infection or neoplasm is suspected. Thus, based upon this diagnostic approach, it is possible that at least some of these patients did not have radiculopathy due to disc herniation but had low back pain with leg radiation.
Taken together, the available data suggest that sciatica is a complex and variable disorder, and that the pathogenesis of acute sciatic pain is not yet sufficiently understood for effective targeted treatment.
